THERMOREGULATION OR HABITAT SELECTION? ENVIRONMENTAL PREDICTORS OF THE BODY SHAPE VARIATION IN SHARKS (CHONDRICTHYES: SELACHIMORPHA) by Andreu, Michelle Tavares Cardoso et al.
Oecologia Australis  





THERMOREGULATION OR HABITAT SELECTION? ENVIRONMENTAL 
PREDICTORS OF THE BODY SHAPE VARIATION IN SHARKS 
(CHONDRICTHYES: SELACHIMORPHA) 
 
Michelle Tavares Cardoso Andreu¹*, Carlos Eduardo Arlé¹,  
Eduardo Motta Carelli Minsky¹, Lazaro Laut², Rafael da Rocha Fortes³,  
Maria Lucia Lorini² & Marcos de Souza Lima Figueiredo¹ 
 
1 Universidade Federal do Estado do Rio de Janeiro, Instituto de Biociências, Programa de Pós-Graduação em 
Biodiversidade Neotropical, CEP 22290-240, Rio de Janeiro, RJ, Brazil. 
 
2 Universidade Federal do Estado do Rio de Janeiro, Instituto de Biociências, Departamento de Ciências Naturais, CEP 
22290-240, Rio de Janeiro, RJ, Brazil. 
 
3 Universidade Federal do Estado do Rio de Janeiro, Instituto de Biociências, Departamento de Ecologia e Recursos 
Marinhos, CEP 22290-240, Rio de Janeiro, RJ, Brazil. 
 
E-mails: mich_tca@hotmail.com (*corresponding author); eduardo.arle@idiv.de; eduardominsky@hotmail.com; 





Abstract: Ecomorphology is the study of the relation between organisms' shape and environmental factors. 
It assumes that variations in the organisms' shape lead to functional differences, resulting in changes in 
resource and habitat use. Here, we aimed to evaluate the effects of environmental variables, representing 
hypotheses of thermoregulation and habitat selection, over the sharks' body shape on a global scale. 
According to the thermoregulation hypothesis, the more fusiform species should be more commonly 
found in colder waters, and regarding the habitat selection hypothesis, we expected that the flatter species 
would occur nearest to the shore, and in the shallowest waters. Based on the body shape and occurrences 
of the shark species, we estimated the mean and median body shape index (body height: length ratio) of 
shark species on each cell in a 400 x 400 km grid, and applied a model selection by AIC approach to identify 
the relative importance of four environmental factors faced by the shark species: minimum temperature of 
the coldest month (Tc), maximum temperature of the warmest month (Tw), bathymetry (Bathy), and 
distance to shore (DistShr). Our results indicate a consistent trend of dorsoventral flattening towards 
coastal zones and shallow areas. A second detected trend was the increase in the body shape index values 
towards the tropical regions all over the globe, while flattened species were more common above 30º 
latitude in both hemispheres. Minimum temperature of the coldest month was included in all the best 
fitted models, but it did not follow our initial predictions of negative relation to body shape index, thus we 
did not find support for the thermoregulation hypothesis. On the other hand, Bathy and DistShr presented 
a positive relation to body shape index, thus consistent with our initial predictions. Our results indicate 
that the sharks body shape is not a response to a selective pressure for heat conservation in cold 
environments, but rather to where they live and how they obtain their food, contrary to what has been 
reported to ecologically equivalent marine mammals (suborder Odontoceti). 
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INTRODUCTION 
 
Ecomorphology is the study of the relation 
between morphology and environmental physical 
and biotic factors that in some way relate to the 
organism (Bock 1965). Ecomorphological analyses 
assume that variations in the organisms' shape 
lead to functional and performance differences, 
resulting in changes in resource and habitat use 
(Motta et al. 1995). Ultimately, these changes 
impact on individuals' fitness and relate to the 
species' ecology (Sampaio & Goulart 2011). 
Morphology comprises a complex range of 
external and internal structural forms, and 
changes in these forms reflect in organism 
changes as a whole (Arratia & Johnson 2015). 
Environmental pressures strongly influence fish 
body shape (Breda et al. 2005), affecting their 
behavior, swimming mode, and habitat selection 
(Assumpção 2010). Species' swimming performan-
ce may be influenced by the type of locomotion, 
shape and body size, behavior, physiology, and 
temperature (Hammer 1995, Assumpção 2010). 
Body shapes that reduce dragging increase 
swimming capacity, enabling faster speeds to be 
achieved with lower energy consumption (Harris 
1965, Walker & Westneat 2002). 
Body shape also reflects on the organism's 
ability to exchange heat with its surrounding 
environment (Peters 1983, Schmidt-Nielsen 1984). 
The body has the ability to absorb or release heat 
through the skin, and the organism's surface area 
is directly proportional to the amount of heat 
exchanged (Tilkens et al. 2007). This relation has 
consequences on foraging time and strategies and 
on the tolerance to environmental climatic extre-
mes (Peters 1983).  
The relation between the diversity of orga-
nisms' body characteristics and latitude is as old 
as the perception of a geographical gradient of 
species diversity (Blackburn et al. 1999), noted 
since the early naturalists' studies (Wallace 1878). 
In spite of the huge efforts made to study the 
gradients of species diversity (see review in 
Hawkins et al. 2003) and body size variation 
(Rodríguez et al. 2006, Torres-Romero et al. 2016), 
few studies associating species' shape variation 
and environmental factors on broad geographic 
scale have been conducted (e.g., Shepherd 1998, 
Shepherd & Kelt 1999, Roy et al. 2001). Analyses 
considering this interrelation between body shape 
and environmental conditions can provide value-
ble insight into the pressures that are structuring 
biological communities, as the shape of organisms 
lead to functional and performance differences, 
resulting in changes in resource and habitat use 
(Motta et al. 1995). 
Although the oceans cover about 70% of the 
planet's surface, only 10-15% of biogeographical 
studies published in the last two decades concern 
the marine environment (Barros 2016). In marine 
habitats, in contrast to terrestrial and freshwater 
habitats, physical barriers to dispersal are conside-
red weak or often absent (Richardson et al. 1995). 
Nevertheless, persistent transoceanic currents and 
intermittent large-scale oceanographic events 
produce large variations in current flows, contri-
buting to produce very different macroecological 
patterns among marine organisms compared to 
those observed in both freshwater and terrestrial 
species (Macpherson et al.  2009). Marine environ-
ments present higher density, higher thermal 
conductivity, lower oxygen concentration, and 
greater osmotic variation when compared to 
terrestrial environments (Torres-Romero et al. 
2016), which represent different environmental 
pressures from those normally addressed in 
studies with terrestrial organisms. 
About 44% of the species classified as 
Elasmobranchii belong to the sharks' clade 
(superorder Selachimorpha), which origin dates 
back to about 400 million years (Weigmann 2016). 
They compose a diverse group, representing one 
of the most speciose lineages of predators on the 
planet that play important functional roles in the 
top-down control of coastal and oceanic 
ecosystem structure and function (Compagno 
1990, Ferretti et al. 2010, Heithaus et al. 2012). This 
successful evolutionary trajectory can be explain-
ned by their sharp sensorial ability, reproductive 
strategies diversification, and great interspecific 
variability in body morphology, resulting in a great 
variety in the swimming mode and niche (feeding 
and habitat) among cartilaginous species (Camhi 
et al. 1998, Scacco et al. 2010, Irschick & Ham-
merschlag 2015). Selachimorpha species are the 
focus of multiple ecological, physiological and 
morphological studies (Garcia et al. 2008, Vélez-
Zuazo & Agnarsson 2011, Espinoza et al. 2014, 
Irschick & Hammerschlag 2015, Davidson et al. 
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2016). They are widely distributed along the 
latitudinal gradient, being present in diverse 
habitats, from the surface to the bottom, in nearly 
all seas and oceans, occupying diverse ecological 
niches (Compagno 1990, Szpilman 2004,  Espinoza 
et al. 2014). Furthermore, sharks are one of the 
most threatened groups of marine animals 
worldwide and has arguably one of the worst 
status of conservation reported for any major 
vertebrate lineage except amphibians (Dulvy et al. 
2014). 
Currently, 509 species of sharks are known 
around the planet. They are divided into nine 
orders, 34 families, and 105 genera (Weigmann 
2016), whose body shapes range from flat to more 
rounded species. Most shark species have a 
fusiform body varying from elongated, such as the 
bamboo shark (Hemiscyllium halmahera), to 
torpedo shape of the white shark (Carcharodon 
carcharias), and there are also those dorsoven-
trally compressed, such as the angel shark 
(Squatina sp.) (Maia et al. 2012). 
Here, we aimed to evaluate the environmental 
factors related to the sharks' body shape variations 
on a global scale through an assembly macro-
ecological approach. We analyzed the effects of 
four environmental variables, representing two 
different hypotheses (thermoregulation and habi-
tat selection), over the sharks' body shape. 
According to the thermoregulation hypothesis, we 
expected that more fusiform species should be 
more commonly found in colder waters, as they 
should be able to retain heat better than the flatter 
ones, once the reduced surface-volume ratio of 
large bodied species is a selective advantage to 
better retain body heat in cold environments 
(Peters 1983, Brown et al. 2017). Regarding the 
habitat selection hypothesis, we expect that flatter 
species would occur nearest to the shore, and in 
the shallowest waters, as fish morphology affects 
its swimming performance (Haas et al. 2015) and, 
consequently, habitat selection (Breda et al. 2005). 
 
 
MATERIAL AND METHODS 
 
Species data 
The species set included in this study was based 
on the most recent list of Chondrichthyes of the 
world (Weigmann 2016). Sharks (Selachimorpha, 
Chondrichthyes) from freshwater and extinct 
species were excluded from the analysis. 
Distribution maps of shark species were obtained 
from the International Union for Conservation of 
Nature (IUCN) Red List (http://www.iucnred 
list.org, accessed in July 2016). The maps were 
processed using ArcGIS 10.5 to extract presences–
absences of each species and map them onto a 
Behrmann equal-area global grid at spatial 
resolution of 400 km x 400 km (approximately 4° 
near the Equator). The exclusion of grid cells 
containing continental area resulted in a total of 
1,817 grid cells with at least one shark species 
record. For one species (Etmopterus compagnoi) 
the extent of occurrence was not available in the 
IUCN database. Hence, for this species, we built it 
in ArcGIS 10.5 through the Minimum Convex 
Polygon approach, encompassing all the species 
occurrence points obtained from the online 
databases Fishbase (Froese & Pauly 2016) and 
GBIF (www.gbif.org). 
To describe the variation in body shape, we 
applied a Body Shape index (hereafter BSi), 
described as the ratio between body height and 
length. The lower the value of the index, the flatter 
the body shape. Whenever available we obtained 
this information directly from the Fishbase. For 
those species that the information was not readily 
available, we estimated BSi from measurements 
taken on images obtained from Fishbase, IUCN 
(www.iucnredlist.org/), and WoRMS (www.marine 
species.org/) websites. We only considered those 
images which showed the animal in lateral plane, 
disregarding the ventral or dorsal fins. The digital 
images were processed in the software TpsDig 
version 2.25 (Rohlf 2016) to place landmarks for 
the morphometric analysis. Four landmarks were 
set on standardized anatomic locations on the fish 
image to determine body measurement of the 
total length (including the caudal fin) and height 
(excluding the pelvic and dorsal fins), according to 
the Fishbase standard metrics. A scaled distance 
was measured on each image to give a scale factor 
that converts the pixels to millimetres, in order to 
set all individual fish to the same scale (Viscosi & 
Cardini 2011).  
Based on the BSi and occurrences of the shark 
species, we estimated the mean and median body 
shape of shark species on each cell and these two 
statistics were used as response variables in the 
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have been used in ecomorphological studies 
(Garcia et al. 2008, Fisher et al. 2010, Berke et al. 
2013, Feldman & Meiri 2014, Torres-Romero et al. 
2016), we decided to include both in our analyses, 
since the mean is usually a better descriptor of the 
data, but it is also more sensitive to extreme values 
than the median (Zar 1999). 
 
Environmental variables 
We used four variables as descriptors of the 
environmental conditions faced by the shark 
species. They were obtained from the AquaMaps' 
global marine coverage environmental layers 
(Kesner-Reyes et al. 2013) at a resolution of 0.58°, 
and were processed in ArcGIS 10.5 to fit the 400 x 
400 km cell grid described above. We selected 
minimum temperature of the coldest month (Tc) 
and maximum temperature of the warmest month 
(Tw) to represent the thermoregulation hypothesis, 
as these two variables are extreme or limiting 
climatic factors. To support the thermoregulation 
hypothesis, we would expect a negative relation 
between BSi and temperature, as more fusiform 
species should be more commonly found in colder 
waters. To represent the habitat selection hypo-
thesis, we selected bathymetry (Bathy) and 
distance to shore (DistShr), as both predictors are 
associated to different environmental conditions 
which can be related to sharks’ swimming mode 
and habitat selection. To support this hypothesis, 
we would expect a positive relation between BSi 
and bathymetry or distance to shore, as flatter 
species would occur nearest to the shore, and in 
the shallowest waters. 
 
Spatial autocorrelation 
The lack of independence between pairs of 
observations due to geographic proximity (spatial 
autocorrelation) increases Type I errors, resulting 
in spurious relations and jeopardising the 
interpretation of observed patterns (Borcard et al. 
1992, Legendre 1993). In order to control the 
effects of spatial autocorrelation, we used spatial 
filters (Borcard & Legendre 2002), generated in the 
software SAM 4.0 (Rangel et al. 2006). A matrix of 
connectivity based on the central coordinates of 
each grid cell was built to obtain the filters, and a 
principal coordinates analysis was applied on this 
matrix. This analysis resulted in a set of eigen-
vectors (the filters) representing the grid geometric 
structure in different spatial scales. To avoid 
excessive numbers of explanatory variables and 
overcorrection for spatial autocorrelation (Diniz-
Filho & Bini 2005), we derived a thinned set of 
spatial filters, retaining in the analysis only filters 
with spatial autocorrelation (Moran's I) greater 
than 0.1. Hence, 53 filters were added to the 
models related to body shape, which were enough 




To identify the effect of environmental variables 
over the Selachimorpha’s body shape, we applied 
linear regressions over additive models based on 
all possible combinations among the four 
environmental variables, except those that 
combined highly correlated variables (r > |0.6|), to 
avoid collinearity between the predictors. 
Therefore, only one of the temperature variables 
(Tc or Tw) could be included in each model. The 
species richness was included in the grid cells as a 
covariate for all the analysed models, aiming to 
control the effect of the number of species on the 
calculation of mean and median BSi. Based on the 
combinations of the variables and restrictions 
applied, we obtained 11 explanatory models plus a 
null model. To evaluate if the geographical 
patterns could have arisen at random, the null 
model did not contain any environmental variable, 
being composed only by the model intercept. 
The model (or models) with better fit to the 
data was (were) selected based on the Akaike 
Information Criterion (AIC) (Burnham & Anderson 
2002). This approach proposes to compare a large 
number of models at once and to identify the 
simplest one that yet provides the best fit to the 
data (Johnson & Omland 2004). We selected 
models with good empirical support (ΔAICc ≤ 2), 
while models with ΔAICc > 10 have no empirical 
support and can be disregarded (Burnham & 
Anderson 2002). We also calculated the Akaike 
weights (wi) for each model, which can be 
interpreted as the probability that it really is the 
best explanatory model. From those weights, we 
calculated the relative importance of each variable 
(w+) summing the Akaike weights across all 
models that included each explanatory variable. 
This approach usually presents robust results 
regardless of the autocorrelation control method 
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(Diniz-filho et al. 2008). Both the regressions and 
the AIC values calculations were performed on the 
platform R 3.3.2 (R Core Team 2015). We also 
evaluated the direction of the relation between the 
variables present in the best model and the 
response variables to assess whether the proposed 





We could obtain information regarding both 
shape and geographic range for 359 shark species, 
and the calculated BSi ranged from 6.3% (most 
flattened - Parascyllium variolatum) to 22% (most 
fusiform - Somniosus antarcticus). The spatial 
variation in the mean body shape index shows a 
clear latitudinal gradient, in which species in 
temperate regions tend to have flatter bodies than 
those in tropical regions. The highest mean BSi 
values were found around oceanic archipelagos, 
while the lowest values were found at higher 
latitudes (Figure 1).  
Among the 12 models that were analysed, only 
one stood out, with values of ΔAICc ≤ 2 (Table 1). 
The most plausible model (ΔAICc = 0.00, wi = 0.759) 
was composed of three variables - distance to 
shore, temperature of the coldest month and 
bathymetry - and was considerably more plausible 
than the null model (ΔAICc = 231.57, wi = 0.000). 
The distance to shore (w+ = 0.853) and the 
temperature of the coldest month (w+ = 1.000) 
showed a positive relation with the sharks mean 
BSi, while the bathymetry (w+ = 0.901) presented a 
negative relation (Table 3).  
Regarding the spatial variation in the median 
BSi, we did not find a clear latitudinal gradient as 
we did when the mean was evaluated. However, 
the highest BSi values (more fusiform) were also 
found around oceanic archipelagos, whereas the 
lowest values (more flattened) were found at 
higher latitudes. We observed lower medians near 
the continents comparing to those found in the 
middle of the oceans (Figure 2).  
Concerning the median BSi, two of the 12 
models were considered plausible (Table 2), with 
values of ΔAICc ≤ 2, and both were more plausible 
than the null model (ΔAICc = 37.00, wi = 0.000). 
The temperature of the coldest month was 






Figure 1. Geographic distribution of the mean body shape index of species from the superorder Selachimorpha in the 
world. The resolution of the grid cells is 400 km x 400 km (about 4° in the Equator). In blue and red are the smallest and 
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Table 1. Adjustment of the models predicting shark mean body shape index based on environmental variables, on the 
400 x 400 km grid. DistShr: distance to shore; Tc: minimum temperature of the coldest month; Tw: maximum 
temperature of the warmest month; Bathy: bathymetry. 
 
Order Models ΔAICc K Wi 
1 DistShr + Tc + Bathy 0.00 59 0.752  
2 Tc + Bathy 3.35 58 0.094  
3 DistShr + Tcr 4.17 58 0.094  
4 Tc 10.16 57 0.005  
5 DistShr + Tw + Bathy 58.00 59 0.000  
6 Tw + Bathy 71.59 58 0.000  
7 DistShr + Tw 75.12 58 0.000  
8 Tw 98.96 57 0.000  
9 DistShr + Bathy 160.52 58 0.000  
10 Bathy 177.82 57 0.000  
11 DistShr 196.95 57 0.000  
12 Null 231.57 56 0.000  
 
 
Table 2. Adjustment of the models predicting the shark median body shape index based on environmental variables, 
on the 400 x 400 km grid. DistShr: distance to shore; Tc: minimum temperature of the coldest month; Tw: maximum 
temperature of the warmest month; Bathy: bathymetry. 
 
Order Models ΔAICc K Wi 
1 Tc + Bathy 0.00 58 0.469 
2 Tc 1.12 57 0.268 
3 DistShr + Tc + Bathy 2.08 59 0.166 
4 DistShr + Tc 3.24 58 0.093 
5 Tw + Bathy 10.65 58 0.002 
6 DistShr + Tw + Bathy 12.59 59 0.001 
7 Tw 16.43 57 0.000 
8 DistShr + Tw 17.40 58 0.000 
9 Bathy 25.39 57 0.000 
10 DistShr + Bathy 27.09 58 0.000 
11 DistShr 36.72 57 0.000 
12 Null 37.00 56 0.000 
 
 
combined with bathymetry in the best model 
(ΔAICc = 0.00, wi = 0.469), and alone in the second-
best model (ΔAICc = 1.12, wi = 0.268). The tempe-
rature of the coldest month (w+ = 0.997) was 
positively related to the shark’s median BSi, while 






Our results indicate that both the mean and the 
median BSi presented congruent responses of 
spatial variation of the Selachimorpha body shape. 
We could detect a consistent trend of dorsoventral 
flattening towards coastal zones and shallow areas, 
while fusiform species were more common in 
deep waters far from the shore, and the transition 
between these two situations was occasionally 
abrupt. This trend was more clearly represented 
by the median than by the mean. A second, less 
conspicuous, trend detected was the increase in 
the BSi values (more fusiform species) towards the 
tropical regions all over the globe, while flattened 
species were more common above 30º latitude in 
both hemispheres. This trend was more clearly 
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perceived by the mean than by the median. 
Overall, the results presented by our models were 
similar for the two response variables. The order of 
importance of the environmental variables was 
the same either for mean or for the median, 
although there were some differences in the 
relative importance values. The direction of the 
relationship was also the same for both, mean and 
median. So, except when noted, the results here 
were discussed based on the general trend 
presented by the two response variables. 
The minimum temperature of the coldest 
month was included in all the best fitted models 
and showed the highest value of importance 
amongst all the variables. However, contrary to 
our expectations, this positive relationship 
indicates that species with more fusiform bodies 
tend to occur in warmer waters, thus not 
supporting the thermoregulation hypothesis 
prediction (Peters 1983, Brown et al. 2017). Des-
pite not adjusting to our hypothesis, the high 
relative importance of temperature on our models 
indicates that it is related to Selachimorpha body 
shape, but probably it is responding to a different 
mechanism rather the one initially hypothesized. 
A possible mechanism which associates these 
two variables is related to the swimming perfor-
mance in fishes. Swimming performance is an 
important capacity for fish, playing a role in food 
capture, predator avoidance and reproductive 
behavior (Zeng et al. 2009, Penghan et al. 2014). 
Several studies indicated that swimming perfor-
mance increased significantly with temperature 
(Lee et al. 2003, Zeng et al. 2009, Yan et al. 2012, 
Penghan et al. 2014). According to this association, 
it would be expected that more fusiform species 
(body shape that makes swimming more efficient) 
tend to be more common in warmer waters. Our 
results that showed a positive relationship 
between minimum temperature of the coldest 
month and BSi seem to support this hypothesis.  
An additional mechanism that can associate 
temperature and body shape is related to the 
diffusion of oxygen in water. Warmer waters are 
able to retain larger amounts of dissolved oxygen 
than colder waters. A decrease in dissolved oxygen 
may result in a more depressed swimming 
performance (Penghan et al. 2014). At the same 
time, the oxygen (O2) consumption rate of an 






Figure 2. Geographic distribution of the median body shape index of species from the superorder Selachimorpha in 
the world. The resolution of the grid cells is 400 km x 400 km (about 4° in the Equator). In blue and red are the smallest 
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organisms have a lower O2 demand per unit mass 
than smaller organisms (West et al. 1997). Another 
possibility is the relation between the O2 
concentration in water and shark's gill morpho-
logy, and not body shape (Wootton et al. 2015). In 
either case, it is possible that the positive relation 
that we observed between temperature and body 
shape of Selachimorpha is related to the respira-
tory capacity of organisms, but we were not able to 
test this hypothesis directly and neither we have 
enough data to perform this analysis at the time. 
The two variables that represent the habitat 
selection hypothesis (bathymetry and distance to 
shore), on the other hand, presented results 
consistent with our initial predictions. Viewed 
together, both variables suggest that more flatted 
body species (lower BSi values) occur in the 
shallower, closer to the shore areas, and that the 
more fusiform species occur in areas that are 
deeper and farther from the coast. According to 
Webb et al. (1996) and Breda et al. (2005), the 
fusiform body is hypothetically ideal for loco-
motion at high speeds in pelagic regions that do 
not present obstacles, since this body structure 
softens the forces contrary to the movement. This 
characteristic form is found in the species from the 
family Lamnidae, such as the white shark (C. 
carcharias) and the mako shark (Isurus 
oxyrinchus), which stand out for their great 
dispersal ability and use speed as their main 
strategy to obtain their food (Donley et al. 2004, 
Lingham-Soliar 2005). This body shape is 
considered a convergent trait with other lineages 
of top predatory marine vertebrates, such as 
dolphins, tunas, and extinct ichthyosaurs (Donley 
et al. 2004). On the contrary, the flattened body 
shape is more associated with the benthic habitat 
of several shark species, such as the spiny dogfish 
(Squalus acanthias), the tasselled wobbegong 
(Eucrossorhinus dasypogon), and the angel sharks 
(Squatina sp.). This flattened body shape is 
common in species thriving in shallower and 
coastal regions (Kriwet et al. 2010, Vaz & de 
Carvalho 2013) or in reef environments, where 
they await their prey in ambush strategies (Smith 
& Brown 2002, Baremore et al. 2009, Raoult et al. 
2017). This type of morphology gives the species a 
slower and more manoeuvrable swim, typical of 
benthic species (Scacco et al. 2010). 
Our results seem to indicate that the sharks’ 
body shape is not a response to a selective 
pressure for heat conservation in cold environ-
ments, but rather to where they live and how they 
obtain their food. In a study associating the sharks’ 
body shape to their ecology and taxonomic groups, 
Almeida (2016) showed that body shape does not 
seem to be structured throughout the phylogeny. 
Despite not explicitly testing for phylogenetic 
autocorrelation, this study demonstrated that 
several phylogenetically distant orders - such as 
Hexanchiformes and Carcharhiniformes (Vélez-
Zuazo & Agnarsson 2011) - present similar body 
shapes, while other more closely related orders - 
such as Orectolobiformes and Squaliformes - have 
different body shapes. Therefore, the body shape 
of shark orders would not be a reflection of the 
evolutionary relationship between them, but 
rather an association with predation strategies and 
occupation of similar habitats, congruent with the 
idea that ecomorphological attributes tend to be 
related to locomotion (Cianciaruso et al. 2009) and 
habitat occupation, as it has already been 
demonstrated for several shark species (Scacco et 
al. 2010, Irschick & Hammerschlag 2015). 
These patterns described for sharks were 
contrasting with those reported to other marine 
mammals (cetaceans and pinnipeds), which 
exhibit results supporting the heat conservation 
hypothesis, but not habitat preference and 
availability hypotheses (Torres-Romero et al. 2016). 
This difference among two taxa which live in the 
same environment and have similar ecologies, as 
sharks and toothed whales (suborder Odontoceti), 
suggests that they are responding to different 
selective pressures according to their physiological 
restrictions. According to Torres-Romero et al. 
(2016) the mechanism responsible by the pattern 
reported to marine mammals was their endo-
thermy, and the negative relation between body 
size and water temperature was sustained even 
when only the toothed whales were analyzed. Fish 
morphology, on the other hand, is usually related 
to the type of habitat they preferentially explore 
(Piorski et al. 2006), and our results indicate that 
sharks clearly responded to habitat selection. But 
the strong positive relationship between body 
shape and temperature suggests that a 
physiological mechanism other than the 
hypothesized initially must be acting over shark 
body shape, possibly related to swimming perfor-
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mance. Future studies on macroecological marine 
patterns should include other variables which 
represent environmental pressures different from 
those usually addressed in terrestrial studies, 
especially those related to physiological mecha-
nisms, since marine ecosystems are much less 
studied than terrestrial ones (Macpherson et al. 
2009) and we know little about factors that 
structure marine communities on geographical 





During the development of this paper MTCA and 
CEA were supported by graduate grants from 
CAPES, EMCM received undergraduate grant from 
CAPES, LL received a productivity fellowship from 
CNPq, MSLF was supported by post-doctoral grant 
PDJ - CNPq (150734/2015-8). This paper was 
supported by Brazilian Research Network on 
Global Climate Change - Rede CLIMA/MCTI and 
was developed in the context National Institutes 
for Science and Technology (INCT) in Ecology, 
Evolution and Biodiversity Conservation, 






Almeida, B. B. 2016. Variação da razão compri-
mento/altura do corpo em tubarões (Super-
ordem Selachimorfa) em relação aos grupos 
taxonômicos, habitats e modo de reprodução. 
Undergraduate monograph. Departamento de 
Ecologia e Recursos do Mar da Universidade 
Federal do Estado do Rio de Janeiro. p. 21. 
Arratia, G., & Johnson, G. D. 2015. Fishes and 
morphology today: an introduction. Copeia, 
103(4), 725–726. DOI: 10.1643/CG-15-314 
Assumpção, L. 2010. Análises morfométricas para 
predições do desempenho natatório de duas 
espécies de peixes neotropicais migradoras de 
longas distâncias. Master thesis. Departamento 
de Recursos Pesqueiros e Engenharia de Pesca 
da Universidade Estadual do Oeste do Paraná. p. 
26. 
 Baremore, I. E., Murie, D. J., & Carlson, J. K. 2009. 
Seasonal and size-related differences in diet of 
the atlantic angel shark Squatina dumeril in the 
northeastern Gulf of Mexico. Aquatic Biology, 
8(2), 125–136. DOI: 10.3354/ab00214 
Barros, L. A. V. 2016. A Regra de Bergmann: estu-
dos de caso e suas implicações. Master thesis. 
Programa de Pós-graduação em Biodiversidade 
Neotropical da Universidade Federal do Estado 
do Rio de Janeiro. p. 39. 
Berke, S. K., Jablonski, D., Krug, A. Z., Roy, K., & 
Tomasovych, A. 2013. Beyond Bergmann’s rule: 
size-latitude relationships in marine bivalvia 
world-wide. Global Ecology and Biogeography, 
22(2), 173–183. DOI: 10.1111/j.1466-8238.2012.0 
0775.x 
 Blackburn, T. M., Gaston, K. J., & Loder, N. 1999. 
Geographic gradients in body size: a clari-
fication of Bergmann’s rule. Diversity and 
Distributions, 5(4), 165–174. DOI: 10.1046/j.14 
72-4642.1999.00046.x 
Bock, W. J. 1965. Adaptation and the form-
function complex. Evolution, 19(3), 269–299. 
DOI: 10.2307/2406439 
Borcard, D., & Legendre, P. 2002. All-scale spatial 
analysis of ecological data by means of principal 
coordinates of neighbour matrices. Ecological 
Modelling, 153(1–2), 51–68. DOI: 10.1016/S03 
04-3800(01)00501-4 
Borcard, D., Legendre, P., & Drapeau, P. 1992. 
Partialling out the spatial component of 
ecological variation. Ecology, 73(3), 1045–1055. 
DOI: 10.2307/1940179 
Breda, L., de Oliveira, E. F., & Goulart, E. 2005. 
Ecomorfologia de locomocão de peixes com 
enfoque para espécies neotropicais. Acta 
Scientiarum - Biological Sciences, 27(4), 371–
381. DOI: 10.4025/actascibiolsci.v27i4.1271 
Brown, J. S., Kotler, B. P., & Porter, W. P. 2017. How 
foraging allometries and resource dynamics 
could explain Bergmann’s rule and the body-
size diet relationship in mammals. Oikos, 126(2), 
224-230. DOI: 10.1111/oik.03468 
 Burnham, K. P., & Anderson, D. R. 2002. Model 
selection and multimodel inference. New York: 
Springer Science: p. 488. 
Camhi, M., Fowler, S., Musick, J., Bräutigam, A., & 
Fordham, S. 1998. Sharks and their relatives: 
ecology and conservation. Gland and 
Cambridge: IUCN/SSC Shark Specialist Group. 
Vol. 3 p. 39. DOI: 10.1016/j.wear.2011.03.022 




188 | Environmental predictors of body shape variation in sharks 
 
Oecol. Aust. 22(2): 179–190, 2018 
 2009. Diversidades filogenética e funcional: 
novas abordagens para a Ecologia de Comu-
nidades. Biota Neotropica, 9(3), 93–103. DOI: 
10.1590/S1676-06032009000300008. 
Compagno, L. J. V. 1990. Alternative life-history 
styles of cartilaginous fishes in time and space. 
Environmental Biology of Fishes, 28(1–4), 33–75. 
DOI: 10.1007/BF00751027 
 Davidson, L. N. K., Krawchuk, M. A., & Dulvy, N. K. 
2016. Why have global shark and ray landings 
declined: Improved management or overfishing? 
Fish and Fisheries, 17(2), 438–458. DOI: 10.11 
11/faf.12119 
Diniz-Filho, J. A. F., & Bini, L. M. 2005. Modelling 
geographical patterns in species richness using 
eigenvector-based spatial filters. Global Ecology 
and Biogeography, 14(2), 177–185. DOI: 10.111 
1/j.1466-822X.2005.00147.x 
Diniz-filho, J. A. F., Rangel, T. F. L. V. B., & Bini, L. 
M. 2008. Model selection and information 
theory in geographical ecology. Global Ecology 
and Biogeography, 17(4), 479–488. DOI: 10.111 
1/j.1466-8238.2008.00395.x 
Donley, J. M., Sepulveda, C. A., Konstantinidis, P., 
Gemballa, S., & Shadwick, R. E. 2004. Conver-
gent evolution in mechanical design of lamnid 
sharks and tunas. Nature, 429, 61–65. DOI: 
10.1038/nature02435 
Dulvy, N. K., Fowler, S. L., Musick, J. A., Cavanagh, 
R. D., Kyne, P. M., Harrison, L. R., Carlson, J. K., 
Davidson, L. N. K., Fordham, S. V., Francis, M. P., 
Pollock, C. M., Simpfendorfer, C. A., Burgess, G. 
H., Carpenter, K. E., Compagno, L. J. V., Ebert, D. 
A., Gibson, C., Heupel, M. R., Livingstone, S. R., 
Sanciangco, J. C., Stevens, J. D., Valenti, S., & 
White, W. T. 2014. Extinction risk and 
conservation of the world’s sharks and rays. 
eLife, 3, e00590. DOI: 10.7554/eLife.00590 
Espinoza, M., Cappo, M., Heupel, M. R., Tobin, A. 
J., & Simpfendorfer, C. A. 2014. Quantifying 
shark distribution patterns and species-habitat 
associations: implications of marine park 
zoning. PLoS ONE, 9(9). DOI: 10.1371/jour 
nal.pone.0106885 
Feldman, A., & Meiri, S. 2014. Australian snakes do 
not follow Bergmann’s Rule. Evolutionary 
Biology, 41(2), 327–335. DOI: 10.1007/s11692-
014-9271-x 
Ferretti, F., Worm, B., Britten, G. L., Heithaus, M. 
R., & Lotze, H. K. 2010. Patterns and ecosystem 
consequences of shark declines in the ocean. 
Ecology Letters, 13(8), 1055–1071. DOI: 10.11 
11/j.1461-0248.2010.01489.x 
Fisher, J. A. D., Frank, K. T., & Leggett, W. C. 2010. 
Global variation in marine fish body size and its 
role in biodiversity-ecosystem functioning. 
Marine Ecology Progress Series, 405, 1–13. DOI: 
10.3354/meps08601 
Froese, R. &, & Pauly, D. 2016. Fishbase. World 
Wide Web Electronic Publication. Retrieved on 
January, 2016, from http://www.fishbase.org 
Garcia, V. B., Lucifora, L. O., & Myers, R. A. 2008. 
The importance of habitat and life history to 
extinction risk in sharks, skates, rays and 
chimaeras. Proceedings of the Royal Society B: 
Biological Sciences, 275(1630), 83–89. DOI: 
10.1098/rspb.2007.1295 
Haas, T. C., Heins, D. C., & Blum, M. J. 2015. 
Predictors of body shape among populations of 
a stream fish (Cyprinella venusta, Cypriniformes: 
Cyprinidae). Biological Journal of the Linnean 
Society, 115(4), 842–858. DOI: 10.1111/bij.12539 
Hammer, C. 1995. Fatigue and exercise tests with 
fish. Comparative Biochemistry and Physiology 
Part A: Physiology, 112(1), 1–20. DOI: 10.1016/ 
0300-9629(95)00060-K 
Harris, J. A. 1965. Eye movements of the dogfish 
Squalus acanthias L. Journal of Experimental 
Biology, 43, 107–130. 
Hawkins, B. A., Porter, E. E., & Diniz-Filho, J. A. F. 
2003. Productivity and history as predictors of 
the latitudinal diversity gradient of terrestrial 
birds. Ecology, 84(6), 1608–1623. DOI: 10.18 
90/0012-9658(2003)084[1608:PAHAPO]2.0.CO;2 
 Heithaus, M. R., Wirsing, A. J., & Dill, L. M. 2012. 
The ecological importance of intact top-
predator populations: a synthesis of 15 years of 
research in a seagrass ecosystem. Marine and 
Freshwater Research, 63(11), 1039–1050. DOI: 
10.1071/MF12024 
Irschick, D. J., & Hammerschlag, N. 2015. 
Morphological scaling of body form in four 
shark species differing in ecology and life 
history. Biological Journal of the Linnean 
Society, 114(1), 126–135. DOI: 10.1111/bij.12404 
Johnson, J. B., & Omland, K. S. 2004. Model 
selection in ecology and evolution. Trends in 
Ecology and Evolution, 19(2), 101–108. DOI: 
10.1016/j.tree.2003.10.013 
Kesner-Reyes, K., Kaschner, K., Kullander, S.,
 
 
189 | Andreu et al. 
Oecol. Aust. 22(2): 179–190, 2018 
  Garilao, C., Baril, J., & Froese., R. 2013. 
AquaMaps: algorithm and data sources for 
aquatic organisms. FishBase. Version (04/2012). 
Retrieved on January, 2016, from 
http://www.fishbase.org  
 Kriwet, J., Endo, H., & Stelbrink, B. 2010. On the 
occurrence of the Taiwan angel shark, Squatina 
formosa Shen & Ting, 1972 (Chondrichthyes, 
Squatinidae) from Japan. Zoosystematics and 
Evolution, 86(1), 117–124. DOI: 10.1002/zoos. 
200900016 
Lee, C. G., Farrell, A. P., Lotto, A., MacNutt, M. J., 
Hinch, S. G., & Healey, M. C. 2003. The effect of 
temperature on swimming performance and 
oxygen consumption in adult sockeye 
(Oncorhynchus nerka) and coho (O. kisutch) 
salmon stocks. Journal of Experimental Biology, 
206(18), 3239−3251. DOI:10.1242/jeb.00547 
Legendre, P. 1993. Spatial autocorrelation: trouble 
or new paradigm? Ecology, 74(6), 1659–1673. 
DOI: 10.2307/1939924 
Lingham-Soliar, T. 2005. Caudal fin allometry in 
the white shark Carcharodon carcharias: 
implications for locomotory performance and 
ecology. Naturwissenschaften, 92(5), 231–236. 
DOI: 10.1007/s00114-005-0614-4 
 Macpherson E., Hastings P. A., & Robertson, D. R. 
2009. Macroecological patterns among marine 
fishes. In J. D. Witman, & K. Roy (Eds.), Marine 
macroecology. pp. 122–152. Chicago: University 
of Chicago Press. 
Maia, A. M. R., Wilga, C. A. D., & Lauder, G. V. 2012. 
Biomechanics of locomotion in sharks, rays, 
and chimaeras. In: J. C. Carrier, J. A. Musick, & 
M. R., Heithaus (Eds.), Biology of sharks and 
their relatives. pp. 139-164. Boca Raton: CRC 
Press. 
Motta, P. J., Norton, S. F., & Luczkovich, J. J. 1995. 
Perspectives on the ecomorphology of bony 
fishes. Environmental Biology of Fishes, 44(1–3), 
11–20. DOI: 10.1007/BF00005904 
 Penghan, L. Y., Cao, Z. D., & Fu, S. J. 2014. Effect of 
temperature and dissolved oxygen on swim-
ming performance in crucian carp. Aquatic 
Biology, 21, 57–65. DOI: 10.3354/ab00571 
Peters, R. H. 1983. The ecological implications of 
body size. Cambridge: Cambridge University 
Press: p. 329. 
Piorski, N. M., Dourado, E. C. S., & Nunes, J. L. S. 
2006. Análise ecomorfológica de três espécies de 
peixes do Parque Estadual Marinho do Parcel de 
Manuel Luiz, Maranhão, Brasil. Boletim do 
Laboratório de Hidrobiologia, 20(1), 70–76. 
R Core Team. 2015. R: a language and environ-
ment for statistical computing. Version 3.2.2. 
Vienna: R Foundation for Statistical Computing. 
Rangel, T. F. L. V. B., Diniz-filho, J. A. F., & Bini, L. 
M. 2006. Towards an integrated computational 
tool for spatial analysis in macroecology and 
biogeography. Global Ecology and Biogeo-
graphy, 15(4), 321–327. DOI: 10.1111/j.1466-82 
2x.2006.00237.x 
 Raoult, V., Peddemors, V., & Williamson, J. E. 2017. 
Biology of angel sharks (Squatina sp.) and 
sawsharks (Pristiophorus sp.) caught in south-
eastern Australian trawl fisheries and the New 
South Wales shark-meshing (bather-protection) 
program. Marine and Freshwater Research, 
68(2), 207–212. DOI: 10.1071/MF15369 
 Richardson, M. D., Briggs, K. B., Bowles, F. A., & 
Tietjen, J. H. 1995. A depauperate benthic 
assemblage from the nutrient-poor sediments 
of the Puerto Rico Trench. Deep-Sea Research 
Part I, 42(3), 351–364. DOI: 10.1016/0967-0637 
(95)00007-S 
Rodríguez, M. Á., López-Sañudo, I. L., & Hawkins, 
B. A. 2006. The geographic distribution of mam-
mal body size in Europe. Global Ecology and 
Biogeography, 15(2), 173–181. DOI: 10.1111/j.14 
66-822X.2006.00206.x 
Rohlf, F. J. 2016. TpsDig, version 2.25. Stony Brook: 
State University of New York. Retrieved on 
January, 2016, from http://life.bio.sunysb.edu/ 
ee/rohlf/software.html 
Roy, K., Balch, D. P., & Hellberg, M. E. 2001. Spatial 
patterns of morphological diversity across the 
Indo-Pacific: analyses using strombid gastro-
pods. Proceedings of the Royal Society B: 
Biological Sciences, 268(1485), 2503–2508. DOI: 
10.1098/rspb.2000.1428 
 Sampaio, A. L. A., & Goulart, E. 2011. Ciclídeos 
neotropicais: ecomorfologia trófica. Oecologia 
Australis, 15(4), 775–798. DOI: 10.4257/oeco.20 
11.1504.03 
Scacco, U., La Mesa, G., & Vacchi, M. 2010. Body 
morphometrics, swimming diversity and niche 
in demersal sharks: a comparative case study 
from the Mediterranean Sea. Scientia Marina, 
74(1), 37–53. DOI: 10.3989/scimar.2010.74n1037 




190 | Environmental predictors of body shape variation in sharks 
 
Oecol. Aust. 22(2): 179–190, 2018 
size so important? Cambridge: Cambridge 
University Press: p. 241. 
Shepherd, U. L. 1998. A comparison of species 
diversity and morphological diversity across the 
North American latitudinal gradient. Journal of 
Biogeography, 25(1), 19–29. DOI: 
10.1046/j.1365-2699.1998.251172.x 
 Shepherd, U. L., & Kelt, D. A. 1999. Mammalian 
species richness and morphological complexity 
along an elevational gradient in the arid south-
west. Journal of Biogeography, 26(4), 843–855. 
DOI: 10.1046/j.1365-2699.1999.00323.x 
Smith, K. F., & Brown, J. H. 2002. Patterns of 
diversity, depth range and body size among 
pelagic fishes along a gradient of depth. Global 
Ecology and Biogeography, 11(4), 313–322. DOI: 
10.1046/j.1466-822X.2002.00286.x 
Szpilman, M. 2004. Tubarões no Brasil - Guia 
prático de identificação. Rio de Janeiro: Mauad 
Editora: p. 160. 
 Tilkens, M. J., Wall-Scheffler, C., Weaver, T. D., & 
Steudel-Numbers, K. 2007. The effects of body 
proportions on thermoregulation: an experi-
menttal assessment of Allen’s rule. Journal of 
Human Evolution, 53(3), 286–291. DOI: 10.10 
16/j.jhevol.2007.04.005 
Torres-Romero, E. J., Morales-Castilla, I., & Olalla-
Tárraga, M. 2016. Bergmann’s rule in the oceans? 
Temperature strongly correlates with global 
interspecific patterns of body size in marine 
mammals. Global Ecology and Biogeography, 
25(10), 1206–1215. DOI: 10.1111/geb.12476 
Vaz, D. F. B., & de Carvalho, M. R. 2013. Morpho-
logical and taxonomic revision of species of 
Squatina from the Southwestern Atlantic Ocean 
(Chondrichthyes: Squatiniformes: Squatinidae). 
Zootaxa, 3695(1), 1–81. DOI: 10.11646/zootaxa. 
3695.1.1 
 Vélez-Zuazo, X., & Agnarsson, I. 2011. Shark tales: 
A molecular species-level phylogeny of sharks 
(Selachimorpha, Chondrichthyes). Molecular 
Phylogenetics and Evolution, 58(2), 207–217. 
DOI: 10.1016/j.ympev.2010.11.018 
Viscosi, V., & Cardini, A. 2011. Leaf morphology, 
taxonomy and geometric morphometrics: a 
simplified protocol for beginners. PloS One 6, 
e25630. DOI: 10.1371/journal.pone.0025630 
Walker, J. A., & Westneat, M. W. 2002. Performance 
limits of labriform propulsion and correlates 
with fin shape and motion. The Journal of 
Experimental Biology, 205, 177–187 
Wallace, A. R. 1878. Tropical nature and other 
essays. Cambridge: Cambridge University Press: 
p. 356. 
 Webb, P. W., LaLiberte, G. D., & Schrank, A. J. 1996. 
Does body and fin form affect the maneu-
verability of fish traversing vertical and hori-
zontal slits? Environmental Biology of Fishes, 
46(1), 7–14. DOI: 10.1007/BF00001692 
Weigmann, S. 2016. Annotated checklist of the 
living sharks, batoids and chimaeras (Chondri-
chthyes) of the world, with a focus on biogeo-
graphical diversity. Journal of Fish Biology, 
88(3), 837–1037. DOI: 10.1111/jfb.12874 
West, G. B., Brown, J. H., & Enquist, B. J. 1997. 
General model for the origin of allometric 
scaling laws in biology. Science, 276(5309), 122–
126. DOI: 10.1126/science.276.5309.122 
 Wootton, T. P., Sepulveda, C. A., & Wegner, N. C. 
2015. Gill morphometrics of the thresher sharks 
(genus Alopias): Correlation of gill dimensions 
with aerobic demand and environmental 
oxygen. Journal of Morphology, 276(5), 589–600. 
DOI: 10.1002/jmor.20369 
Yan, G. J., He, X. K., Cao, Z. D. & Fu, S. J. 2012. 
The trade-off between steady and unsteady 
swim-ming performance in six cyprinids at two 
temperatures. Journal of Thermal Biology, 37, 
424−431. DOI: 10.1016/j.jtherbio.2012.04.006 
 Zar, J. H. 1999. Biostatistical Analysis. 4th Edition. 
Upper Saddle River: Prentice Hall: p. 929. 
Zeng, L. Q., Cao, Z., D., Fu, S. J., Peng, J. L., & Wang, 
Y. X. 2009. Effect of temperature on swimming 
performance in juvenile southern catfish 
(Silurus meridionalis). Comparative 
Biochemistry and Physiology Part A: Molecular 









Submitted: 05 September 2017 
Accepted: 07 February 2018 
Associate Editor: Marcelo M. Weber  
 
